Summary Mediterranean tree species experience unpredictable climate environments and severe summer droughts and they may be impaired by the trend of decline in precipitation projected as a consequence of global climate change. The response of Quercus ilex to drought was studied by measuring hydraulic traits of trees growing in a mature forest subjected to partial throughfall exclusion for 6 years. We measured hydraulic conductivity, xylem vulnerability to embolism, and anatomical features in branches and roots. Xylem vulnerability to embolism was higher in the dry treatment than in the control treatment, P 50 of branches was on average −3.88 ± 0.80 MPa for the control treatment compared with −3.41 ± 0.80 MPa for the dry treatment, but the difference was not statistically significant. A similar difference between treatments was observed for roots, which exhibited lower P 50 values. This change of xylem vulnerability to embolism was not linked to modification of the hydraulic conductivity or vessel anatomy, which remained unaffected by the throughfall exclusion treatment. The xylem density of branches was lower in the dry treatment. The hydraulic conductivity was correlated with the mean vessel diameter of xylem, but the P 50 was not. The main response of trees from the dry treatment to reduced water availability appeared to be a reduction in the transpiring leaf area, which resulted in significantly increased leaf-specific conductivity.
Introduction
Drought is particularly crucial for Mediterranean-type ecosystems where water availability has been identified as the major factor shaping vegetation and controlling plant functions (Rambal et al. 2003) . In addition, these ecosystems are likely to experience more frequent and intense droughts with the ongoing climate change since recent climate projections for the Mediterranean area forecast a decline in precipitation by more than 20% during spring and summer, associated with higher evaporative demand (Gao and Giorgi 2008, Somot et al. 2008 ).
In such environmental conditions, tree species respond to drought by several mechanisms acting in a nested hierarchy and occurring at different time scales (Rambal 1993 , Sperry 2000 , Maseda and Fernandez 2006 . Stomatal closure is the fastest process to limit transpiration and avoid irreversible damage to the plant hydraulic system (Jones and Sutherland 1991, Sperry 2000) . On a longer time scale, stomatal conductance is controlled by the hydraulic conductance of the soil to leaf pathway (Hubbard et al. 2001) , which decreases under drought either by soil drying or by the occurrence of xylem embolism . Xylem embolism occurs when the xylem tension becomes sufficiently negative to force air seeding through conduit wall pores, thus disrupting the continuous column of water and reducing the hydraulic conductance . High levels of xylem embolism under severe drought can be avoided by reducing the transpiring leaf area (Rambal 1993, Maseda and Fernandez 2006) .
Woody plants growing in Mediterranean-type ecosystems have, on average, greater resistance to drought-induced embolism than species from any other terrestrial ecosystem, including deserts (Maherali et al. 2004) . Correspondences have been observed between plant vulnerability to embolism and the range of water potential they experience in the field (Hacke et al. 2000 , Pockman and Sperry 2000 , Bhaskar and Ackerly 2006 , Jacobsen et al. 2007 ). Maherali et al. (2004) found a significant correlation between annual precipitation and vulnerability to cavitation across 66 evergreen angiosperms. In contrast, there was no association between specific conductivity of xylem and water availability. They suggested that 'the adaptative significance of increased resistance to cavitation as a mechanism of drought tolerance may be of primary importance'. A trade-off may exist between xylem vul-nerability to embolism and xylem hydraulic conductivity , Hacke et al. 2006 or wood construction cost (Hacke et al. 2001a) ; however, less is known about within-species variation of this trait in response to environmental factors such as drought intensity.
The phenotypic plasticity of xylem vulnerability to embolism in response to drought has been observed in a small number of studies. Several species, such as Pinus ponderosa (Maherali and De Lucia 2000) , Quercus wislizenii (Matzner et al. 2001) , Metrosideros polymorpha (Cornwell et al. 2007) and Pinus sylvestris (Martinez-Vilalta et al. 2009 ), exhibited no relationship between vulnerability to embolism and climate dryness when observed along precipitation gradients. However, intraspecific differences between sites with contrasting water availability have been found in desert shrub species (Pockman and Sperry 2000) , the tropical tree Cordia alliodora (Choat et al. 2007 ) and roots, but not branches, of Acer grandidentatum (Alder et al. 1996) . Moreover, it is difficult in these studies to discriminate whether the differences were due to plasticity of the vulnerability to embolism or to local genotypes. Several studies have shown a genetic control over vulnerability to embolism, either by demonstrating that differences in vulnerability to embolism between dispersed populations of the same species were maintained when grown in the same environment (Franks et al. 1995 , Kavanagh et al. 1999 , Kimberley and Sperry 1999 , Ducrey et al. 2008 or by demonstrating that trees of a common origin transplanted to different environments did not differ with respect to their vulnerability to embolism (Jackson et al. 1995) . Phenotypic plasticity of xylem vulnerability to embolism has been demonstrated in roots of Pinus taeda in response to a fertilization treatment, but not to changes in water availability (Ewers et al. 2000) . More recently, Beikircher and Mayr (2009) found the xylem vulnerability to embolism of two temperate woody shrubs to be highly plastic in response to drought and to decrease significantly after a drought treatment as a consequence of changes in xylem anatomy.
Mediterranean Quercus ilex is a drought-tolerant species that, despite its tight stomatal control over transpiration, can experience leaf water potentials below −5 MPa (Limousin et al. 2009 ) and experience high losses of xylem conductivity (Tognetti et al. 1998) . Wood anatomical features of Q. ilex have been shown to vary along a rainfall gradient (VillarSalvador et al. 1997) or as a result of extreme droughts (Corcuera et al. 2004) , suggesting that vulnerability to embolism may also acclimate to drought.
In this study, the hydraulic traits of Q. ilex were studied on trees exposed for 6 years to a throughfall exclusion experiment and compared with control trees growing nearby. This experiment continuously reduced the average precipitation input to the soil by 27% on an annual basis (Limousin et al. 2008 ) and was shown, in a previous study, to decrease transpiration by 23% and leaf area by 18% compared with the control treatment (Limousin et al. 2009 ). Our specific objectives were (i) to measure xylem vulnerability to embolism in branches and roots from the two treatments of the throughfall exclusion, (ii) to investigate relationships between vulnerability to embolism and other hydraulic, anatomical and morphological traits and (iii) to assess how hydraulic traits acclimate to long-term increased drought. We hypothesized that 6 years of reduced water availability would modify the hydraulic strategy of trees through a decrease in xylem vulnerability to embolism, the size of xylem vessels and the transpiring leaf area.
Materials and methods

Experimental site
The experimental site is located 35 km North-West of Montpellier (Southern France) in the Puéchabon State Forest on a flat plateau (3°35′45″ E, 43°44′29″ N, 270 m a.s.l.). The site supports a Q. ilex-dominated evergreen forest that has been managed as a coppice for centuries and was last clearcut in 1942. The top canopy height is ∼5.5 m and the density of resprouts was 6393 stems per hectare in 2007. Stems with diameter at breast height (DBH) <4 cm represented 12% of the total stems, whereas stems with DBH >10 cm represented 12.5%. Understorey evergreen species, Buxus sempervirens, Phillyrea latifolia, Pistacia terebinthus and Juniperus oxycedrus, compose a sparse shrubby layer with percentage cover of <25% and a height <2 m.
The area has a Mediterranean-type climate with a mean annual temperature of 13.4°C, the coldest month being January (5.5°C) and the hottest month being July (22.9°C). The mean annual precipitation is 907 mm with a range of 556-1549 mm recorded over the 1984-2008 period. Rainfall mainly occurs during autumn and winter with ∼80% between September and April (Allard et al. 2008 ). The soil is extremely rocky, of hard Jurassic limestone origin; the average volumetric fractional content of stones is ∼0.75 for the top 0-50 cm and 0.90 below, and the stone-free fine fraction within the 0-to 50-cm layer is a homogeneous silty clay loam (USDA texture triangle). The fine fraction fills up the space between stones and rocks and provides water throughout the long dry summers for the deep-rooted Q. ilex (Rambal et al. 2003) .
A throughfall exclusion experiment was set up at the site in March 2003. Two side-by-side 140-m 2 plots were subjected to different precipitation regimes: one was a control treatment facing natural drought conditions, whereas the other was a dry treatment subjected to throughfall exclusion. On the dry plot, throughfall exclusion was achieved using PVC gutters hung under the canopy and reducing the net input of precipitation to the soil by 27% compared with the control treatment (Limousin et al. 2008) . On the control plot, identical gutters had been set up upside down so that the albedo and the understorey microclimate were as close as possible in both treatments. The age, density and mean diameter of the stems were the same in the two treatments and the leaf area index was similar in the two plots at the beginning of the experiment in 2003 (Limousin et al. 2009 ).
Leaf water potential
Predawn and midday leaf water potential (respectively, Ψ l,pd and Ψ l,md ) were measured from 2004 to 2008 at 2-to 4-week intervals between April and November with a pressure chamber (PMS 1000, PMS Instruments, Corvallis, OR). Measurements of Ψ l,pd were started 1 h before sunrise and completed by dawn, and measurements of Ψ l,md were carried out around midday solar time. Samples were taken from a scaffold at similar heights on four trees per treatment. Two leaves per tree were measured; if the observed difference was >0.2 MPa, a third leaf was sampled.
Sampling procedure for hydraulic and anatomical measurements
Six resprouted stems from different stumps were selected within each treatment and considered as independent pseudoreplicates. Sampled stems ranged from 7 to 13 cm in DBH, and tree size distribution and mean diameter were similar in both plots. Three segments of branches were collected from each tree in January 2009. Branches were cut at the 2003 internode, placed upright in a container of water and kept in the dark and at 6°C for 1 day to prevent dehydration before measurements. Five root segments from five different trees of the sample were also collected in each treatment plot, cut to a length of at least 30 cm and immediately stored in water. At the laboratory, segments were re-cut under water to a length of 15-20 cm including the 2004 and 2005 internodes, and bark was fully removed. Diameters of branch samples ranged between 2.2 and 4.7 mm, and those of root samples ranged between 3.4 and 6.3 mm.
Hydraulic conductivity and vulnerability curves
Hydraulic conductivity was measured following . The distal end of the 2005 internode was connected to a tubing system filled with de-gassed, filtered water acidified with HCl to pH 2.0. The hydraulic conductivity (K h , in kg m s -1 MPa -1 ) was calculated as the ratio between the flow through the segment and the pressure gradient, which ranged between 0.01 and 0.04 MPa m −1 depending on the sample. The flow was measured with a high-resolution liquid mass flow meter similar to the one used by Cochard et al. (2000) . K h was converted to specific hydraulic conductivity
) by dividing by the cross-sectional area and to leaf-specific conductivity (K l , in kg m
) by dividing by the distal leaf area measured with an optical area meter (Delta-T Devices Ltd, Cambridge, UK). All samples were flushed for 15 min at a pressure of 0.1 MPa to remove all native embolisms before measuring maximum hydraulic conductivity.
Vulnerability curves of percentage loss of hydraulic conductivity (PLC) against xylem water potential were established using the air injection method (Cochard et al. 1992, Sperry and Saliendra 1994) . This method has been shown to yield good and reproducible results when applied to Q.
ilex (Gartner et al. 2003) . Samples were placed with ends protruding from a double-ended pressure chamber. Air was injected for 1 min at each of the following pressures: 0.5, 1.0, 2.0, 3.0, 4.0, 6.0 and 8.0 MPa. Conductivity was measured at least 20 min after each pressurization to allow the system to equilibrate, using the same method as for measuring maximum conductivity. The percentage loss of K h (PLC) was calculated by referring the conductivity after pressurization to the conductivity at 0.5 MPa. This was taken as a reference for calculating the PLC in order to avoid old dysfunctional xylem elements that may have become refilled by the flushing process artificially increasing the vulnerability of our 4-year-old segments (Hacke et al. 2000 , Matzner et al. 2001 . Moreover, predawn water potential at our site under well-watered conditions averages −0.5 MPa (Limousin et al. 2009 ), so any vessels that cavitate below 0.5 MPa of applied pressure would likely be non-functional during normal field conditions. Vulnerability curves were fitted with the equation proposed by Pammenter and Vander Willigen (1998) :
In this function, PLC is the percentage loss of hydraulic conductivity, Ψ is the applied pressure, P 50 is the pressure causing a 50% loss of hydraulic conductivity and a is related to the slope of the curve.
Xylem anatomy
Xylem anatomy was studied on every segment used to establish vulnerability curves. Cross-sections of the 2005 internode were made with a sliding microtome and stained with safranin and fast green. Slides were viewed at ×40 with a microscope (Olympus BX51, Olympus America Inc.) interfaced with a digital camera (Olympus DP71, Olympus America Inc.). For each image, the sapwood conductive area and the cross-sectional area of every vessel were measured with the ImageJ image analysis software (http://rsb.info.nih.gov/ ij/; National Institute of Health, Bethesda, MD). Two variables were used to characterize the xylem anatomy: the lumen fraction calculated as the total lumen area divided by the sapwood area and the mean vessel diameter. A theoretical hydraulic conductivity (K h,t , in kg m s -1 MPa -1 ) was calculated from anatomy data following the Hagen-Poiseuille law:
Additional measurements
The ratio between the supported leaf area and the crosssectional area of xylem (LA/SA) was calculated for each of the measured branches. The leaves were then oven-dried at 60°C for at least 48 h and weighted for their dry mass in order to calculate the average leaf mass per area (LMA). The wood density of xylem segments (without bark) was also measured following the Archimedean principle with a density determination kit (Sartorius AG, Goettingen, Germany).
Statistical analyses
The comparisons of hydraulic, anatomical and leaf-related parameters between the two treatments were tested for statistically significant differences with two-way nested ANOVA, testing the effect of treatment and the effect of tree nested within treatment. This statistical analysis was chosen for branches because only six different trees were sampled within the 18 branches. The ANOVA were performed on untransformed data whenever a parameter population was normally distributed (P 50 , a, vessel diameter, lumen fraction, wood density and LMA) and on log-transformed data for other parameters (K s , vessel frequency, LA/SA and K l ). The tree × treatment interaction was significant for anatomical (vessel diameter, vessel frequency and lumen fraction) and leaf-related (LA/SA, K l and LMA) parameters, but not for hydraulic parameters (P 50 , a and K s ). Because for roots the number of samples was very low and trees were not replicated, the comparison between treatments was tested with the non-parametric Wilcoxon-Mann-Whitney rank test on untransformed data. Relationships between hydraulic and anatomical parameters were investigated with a principal component analysis (PCA) performed on nine variables related to hydraulics, wood anatomy and growth. Correlations between hydraulic and anatomical parameters were also tested with Pearson coefficients on normalized data.
Results
Annual minimum leaf water potential
Predawn leaf water potential (Ψ l,pd ) remained around −0.5 MPa and similar in both treatments during well-watered periods (Limousin et al. 2009 ). 
Vulnerability to embolism and hydraulic conductivity
Of the 36 branch segments and 10 root segments sampled, 35 complete vulnerability curves could be obtained for branches but only 4 for roots. Roots were more vulnerable to xylem embolism than branches, whatever the treatment. The pressure causing 50% loss of hydraulic conductivity (P 50 ) was on average −3.64 MPa for branches and −2.14 MPa for roots (Figure 2 ). Branches and roots from the dry treatment were generally more vulnerable than those from the control treatment (Table 1) . P 50 of branches was on average −3.88 MPa for the control against −3.41 MPa for the dry treatment, but the difference between treatments was not statistically significant (P = 0.119). P 50 of roots was −2.39 and −1.89 MPa for the control treatment and the dry treatment, respectively, but the number of replicates was too low to perform statistical analysis (Table 1 ). The slope parameter (a) was lower for branches (0.58) than for roots (1.01). Statistical analysis revealed no significant difference for a between treatments (P=0.612). Specific hydraulic conductivity (K s ) was much lower for branches than for roots; however, differences for K s between treatments were not significant (Table 1) .
Vessels diameter, distribution and contribution to hydraulic conductivity
Mean vessel diameter was much larger in roots than in branches. Similarly, the lumen fraction was higher for roots than for branches (Table 1) . No significant difference between treatments was found for the mean vessel diameter, but the lumen fraction was significantly higher in branches from the dry treatment (P=0.049). The theoretical hydraulic conductivity (K h,t ) calculated from vessel diameters was linearly correlated to the measured hydraulic conductivity (K h ), and good correlations were found for branches and roots (Figure 3) . Measured hydraulic conductivity was always lower than K h,t , which represents the theoretical maximum conductivity.
The vessel diameter distribution displayed a unimodal pattern (Figure 4 ). The contribution of the different vessel diameter classes to K h,t was similar in the two treatments for branches and more than 80% of the K h,t in branches was sustained by vessels wider than 30 µm. The vessel diameter distribution in roots did not differ significantly between treatments but vessels between 80 and 120 µm contributed 58% of the K h,t in the control treatment, while in the dry treatment, 50% of the K h,t was sustained by vessels wider than 120 µm ( Figure 4B ).
Wood density and leaf area
Wood density was higher for roots than for branches (Table 1) . The long-term throughfall exclusion showed a significant effect (P = 0.036) on the wood density of branches, which was higher in the control than in the dry treatment. No treatment effect was detected on the wood density of roots.
LA/SA was significantly lower (P=0.007) in the dry than in the control treatment (Table 2 ). This reduced leaf area per unit xylem area in the dry treatment resulted in a significant (P=0.003) difference in leaf-specific conductivity (K l ). K l was on average 34% higher in the dry treatment compared with the control treatment. The LMA was similar in both treatments with an average of 221 g m −2 in the control treatment and 224 g m −2 in the dry treatment (Table 2) .
Relationships between hydraulic and anatomical parameters
A PCAwas performed on nine parameters related to hydraulics (K s , P 50 and a), wood anatomy (vessel diameter, lumen fraction and wood density) and growth (LA/SA, DBH and LMA) (A) (B) Figure 2 . Vulnerability curves for branches (A) and roots (B) from the control treatment (closed circles and solid line) and the dry treatment (open circles and dashed line). Equation (1) was used to fit the curves, 18 samples corresponding to 6 trees per treatment are represented for branches and 2 samples per treatment for roots. for all branch samples ( Figure 5 ). The first two axes of the PCA explained 21.76 and 19.94% of the variance; the third axis explained 14.77%. Two groups of parameters obliquely angled can be identified: parameters related to hydraulic efficiency (K s , P 50 , vessel diameter and lumen fraction) and parameters linked to growth or morphology (LA/SA, DBH, LMA and wood density). The parameter a was found to be correlated with the latter group. Correlations between hydraulic (K s , P 50 and a) and anatomical (vessel diameter, lumen fraction and wood density) parameters were separately tested with Pearson coefficients (Table 3) . K s was positively and significantly correlated with the lumen fraction and the mean vessel diameter ( Figure 6A ). Parameter a was correlated with the lumen fraction. No correlation was found between P 50 and any anatomical parameter, including vessel diameter (Table 3 , Figure 6B ).
Discussion
Vulnerability to xylem embolism in stems and roots
The values of P 50 measured in branches in this study (−3.64 MPa on average pooling dry and control values) are slightly (A) (B) Figure 3 . Relationships between the theoretical hydraulic conductivity (K h,t ) calculated from vessel anatomy and the measured hydraulic conductivity (K h ) in branches (A) and roots (B) of the control treatment (closed circles) and the dry treatment (open circles). Solid lines represent the linear regression for both control and dry treatments, dashed lines represent the 1:1 slope. Equations of the regressions are K h = 0.60 K h,t , R 2 = 0.74, n = 36 and K h = 0.53 K h,t , R 2 = 0.95, n = 9 for branches and roots, respectively.
(A) (B) Figure 4 . Frequency distribution of the vessel diameter classes (bars) and their relative contribution to the total theoretical hydraulic conductivity (K h,t ) (circles) in branches (A) and roots (B) for the control and the dry treatments.
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TREE PHYSIOLOGY ONLINE at http://www.treephys.oxfordjournals.org lower than previously published data for Q. ilex. When using the dehydration technique on Q. ilex leafed branches, P 50 of −2.0 MPa have been recorded in northern Spain (MartinezVilalta et al. 2002) and between −3.0 (Lo Gullo and Salleo 1993) and −3.5 MPa (Tognetti et al. 1998) in Italy. The air injection technique applied on Q. ilex seedlings yielded P 50 values between −3.0 and −3.2 MPa (Gartner et al. 2003 , Corcuera et al. 2004 ). Roots had a higher P 50 than branches (−2.14 MPa on average) whatever the treatment, which has been shown to be a general character of woody plants (Sperry and Saliendra 1994 , Alder et al. 1996 , Hacke and Sauter 1996 , Hacke et al. 2000 , the water tension in roots being close to the water potential of the surrounding soil and thus less negative than in branches. The use of the air injection technique may result in a methodological bias because Q. ilex vessels tend to be much longer than the measured wood segments . The bias may arise if the vessels cut open are not affected by air injection in a similar way to the shorter ones, so the vulnerability curves would not be representative of the whole cross-section but only of a non-random subset including smaller vessels. Two possibilities can be hypothesized. First, vessels cut open could be more prone to early cavitation than intact ones, like what happens when using the centrifuge technique (Cochard et al. 2005 ). This bias would be hidden in our study because the conductivity at 0.5 MPa was chosen as a reference for calculating the PLC. However, the average loss of conductivity at 0.5 MPa compared with the maximum conductivity after flushing the samples was 7.52 ± 6.35%. So, in that case, only a very low proportion of the vessels would have been excluded from the subset represented by the vulnerability curves. The second hypothesis is repeated refilling of the cut-open vessels that could explain why the PLC never reaches 100% even after pressurizing the samples at 8 MPa. The maximum recorded PLC with our vulnerability curves was on average 85.54 ± 4.90%. So, again, a rather low proportion of the vessels would have been excluded from the subset on which the vulnerability curves were performed. However, this last hypothesis may explain why the P 50 measured in our study is slightly lower than previously published values for the same species.
Mediterranean Q. ilex can experience leaf water potential well below the P 50 and display a very high percentage loss of hydraulic conductivity (Tognetti et al. 1998 , MartinezVilalta et al. 2002 . Applying the minimum values of leaf water potential recorded over the 2004-08 period (Figure 1 ) to the vulnerability curves obtained for branches (Figure 2A ) yielded maximum PLC of 64 and 79% in the control and the dry treatments, respectively. Doing the same for roots with the minimum values of predawn leaf water potential yielded maximum PLC of 77 and 91% in the control and the dry treatments, respectively. These high values of inferred PLC are in close agreement with those reported by Tognetti et al. (1998) or Martinez-Vilalta et al. (2003) for Q. ilex trees facing similar drought severity and confirm the fact that safety margins before full hydraulic failure are narrower for roots than for branches in this species.
Wood anatomical features and the hydraulic efficiency/safety trade-off Wood anatomical features of Q. ilex branches have been described in a number of studies (Villar-Salvador et al. 1997 , Gartner et al. 2003 , Corcuera et al. 2004 , Anfodillo et al. 2006 , De Micco et al. 2008 . These studies report mean vessel diameters ranging from 19 to 55 µm, vessel frequencies Table 2 . Mean (SD) of leaf-related hydraulic parameters (LA/SA and K l ) and of LMA in the control and the dry treatments. P-values of the treatment effect of the ANOVA are also given, **P<0.01; ns, non-significant.
Parameters
Control Dry P-value LA/SA 2613 (884) 1973 ( . Variables factor map on the first two axes of the PCA performed on nine variables related to hydraulics, wood anatomy and growth (LA/SA, leaf area divided by xylem area; DBH, diameter at breast height; LMA, leaf mass per area; K s , specific hydraulic conductivity; Vsl Diam, mean vessel diameter; Lumen fraction; Wood density; a; P 50 ). from 40 to 440 mm −2 and lumen fractions between 6 and 10%. The mean vessel diameter of around 26 µm obtained in our study (Table 1) is at the lower end of this range, probably because an exhaustive census of vessels was done without using a lower size threshold. However, our values of vessel frequency and lumen fraction are both within the range of published data. The unimodal distribution of Q. ilex vessels corresponded to a typical diffuse-porous wood (Carlquist 1975) . All vessels were considered to remain functional in the diffuse-porous wood of 4-year-old branches and were thus included in the calculation of the theoretical hydraulic conductivity attributable to each vessel size class (Figure 4 ). This assumption is somewhat validated by the good correspondence between K h,t and K h (Figure 3) . The lower values for K h than for K h,t may be explained by a given proportion of non-functional vessel or by the fact that the water flow had to pass through pit membranes when circulating in the samples, whereas only the resistance of the vessel pipe was taken into account in the K h,t calculation (Sperry et al. 2005) . Mean vessel diameter of Q. ilex branches has been observed to decline with water availability across a precipitation gradient in North-East Spain (Villar-Salvador et al. 1997) or as a consequence of extreme drought (Corcuera et al. 2004 ).
This reduction of the vessel size was accompanied by a non-significant trend of increasing vessel frequency (VillarSalvador et al. 1997) . Our results did not confirm any change in vessel diameter with water availability but we observed a non-significant increase in vessel frequency (P=0.075) and a significant increase in lumen fraction (P=0.049) in the dry treatment of our experiment (Table 1) . Wood anatomy may impose a trade-off between hydraulic efficiency and safety, which has been proposed or demonstrated in several studies (Zimmermann 1983 , Pockman and Sperry 2000 , MartinezVilalta et al. 2002 , Hacke et al. 2006 ) but has not been consistently confirmed in the literature , Tyree et al. 1994 , Maherali et al. 2004 ). As previously observed by Sperry and Saliendra (1994) , the trade-off was not confirmed in our data when comparing branch samples across individuals or treatments (Table 3, Figure 6B ) but only appeared when comparing different organs such as branches and roots (Table 1) . Thus, changes in vessel anatomy between the two treatments were poorly related to the vulnerability to embolism.
Change in hydraulic strategy in response to long-term throughfall exclusion
Phenotypic plasticity of xylem vulnerability to embolism has rarely been observed but has been recently demonstrated in two temperate woody shrubs where the P 50 significantly decreased after a drought treatment (Beikircher and Mayr 2009) . The difference in vulnerability to embolism between the two treatments of our study, P 50 in branches and roots from the dry treatment being slightly higher than in the control, was thus a counter-intuitive result although it was not statistically significant (Table 1, Figure 2 ). Despite the lower leaf water potential experienced by the trees of the dry treatment (Figure 1 ), trees exhibited a higher vulnerability to embolism and thus narrower safety margins before full hydraulic failure. This surprising result could be attributed to cavitation fatigue (Hacke et al. 2001b) : trees from the dry treatment experience drier conditions and thus higher rates of embolism that may weaken their xylem resistance to subsequent cavitation compared with the control treatment. Moreover, this result must be considered with caution given the small sample size measured in our study. It is, however, consistent on several aspects with other observations made in this experiment. First, trees from the dry treatment are likely to develop a higher percentage loss of hydraulic conductivity, which might in turn decrease their whole-tree hydraulic conductance and was indeed observed by Limousin et al. (2009) in the same throughfall exclusion experiment. Second, the higher vulnerability to embolism in the dry treatment may be related to the lower wood density because a trade-off has been demonstrated between these two wood characteristics (Hacke et al. 2001a ). It must be noticed, however, that this explanation does not hold for roots and that the correlation between wood density and P 50 was not statistically significant. Third, the lower leaf area to sapwood area ratio (LA/SA) in the trees from the dry treatment is likely to explain how trees from this treatment cope with lower water potentials while being more vulnerable to embolism. The avoidance of low water potentials causing high losses of hydraulic conductivity can be achieved by the trees of the dry treatment through stronger stomatal regulation or a lower transpiring leaf area (Rambal 1993) . A previous study conducted on the same trees showed similar stomatal regulation in the two treatments of the throughfall exclusion and an 18% decrease in total leaf area in the dry treatment (Limousin et al. 2009 ). This latter result is consistent with our observation of a 24% decrease in LA/SA at branch level. Since maximum specific conductivity (K s ) was unaffected by throughfall exclusion (Table 1) , the reduction of the LA/SA ratio produced a higher maximum K l in the dry treatment (Table 2 ). An increase in K l might be a way of avoiding strong water potential gradients through the terminal branches (for a given transpiration rate) compared with the control treatment (Rambal 1993, Martinez-Vilalta and . Such an adjustment of the leaf water potential through a reduction of the leaf area not paralleled by variation in sapwood area and K s has been observed in Pinus spp. (Callaway and De Lucia 1994 , Mencuccini and Grace 1994 , Maherali and De Lucia 2000 , Cinnirella et al. 2002 , Cedrus spp. (Ladjal et al. 2005 , Ducrey et al. 2008 ) and in Q. ilex along a rainfall gradient (Villar-Salvador et al. 1997) . However, in our case, the 24% decrease in LA/SA in the dry treatment was insufficient to compensate for its drier conditions and greater vulnerability to embolism, resulting in a higher predicted level of maximum native embolism (79% in the dry treatment against 64% in the control treatment). Applying these PLCs to the average measured values of K l (Table 2) Thus, the reduction of the leaf area in the dry treatment was probably not strong enough to reduce the water potential gradient through the terminal branches and consequently the risk of high rates of embolism in this treatment. This reduction of the leaf area may, nevertheless, have drawbacks in terms of carbon assimilation, which can be hypothesized as an explanation for the lower wood density in the branches of the dry treatment (Table 1) because lighter wood has lower construction costs (Enquist et al. 1999) .
Conclusion
In conclusion, we observed that the main response of Q. ilex trees to 6 years of increased drought was a reduction of the transpiring leaf area, thus confirming at the branch scale previous results at the canopy scale. Xylem hydraulic and anatomical properties exhibited a very limited plasticity. Hydraulic conductivity and vessel characteristics remained unaffected by the drought treatment, while vulnerability to embolism changed marginally and in a counter-intuitive way. Except for the LA/SA ratio, hydraulic traits did not acclimate to long-term increased drought. As a consequence, the vulnerability of trees to hydraulic failure in the dry treatment of the throughfall exclusion experiment was not reduced and may even have increased.
